Introduction
============

Systemic hypertension affects a large proportion of the adult population and has widespread effects on the sensory retina. High blood pressure may result in hypertensive retinopathy and is a major risk factor of diabetic retinopathy \[[@r1]-[@r3]\]. Control of blood pressure prevents vision loss from diabetic retinopathy, independently of glycemia \[[@r4],[@r5]\]. Hypertension is also a risk factor of neovascular age-related macular degeneration (AMD) \[[@r6],[@r7]\]; however, it has been shown that antihypertensive medications do not decrease the risk of AMD \[[@r8]\]. The molecular mechanisms of hypertensive effects on the retina are little understood. Hypertension-induced mechanical stress \[[@r9]\] may induce the expression of vascular endothelial growth factor (VEGF) in vascular endothelial and retinal pigment epithelial (RPE) cells \[[@r9],[@r10]\]. Because VEGF is the most relevant factor that induces retinal angiogenesis and hyperpermeability of the blood--retinal barrier \[[@r11]\], increased production of VEGF will aggravate the development of retinal disorders associated with neovascularization and edema.

A major condition that causes systemic hypertension is the increase in extracellular osmolarity that results from an increased extracellular NaCl level following the high intake of dietary salt \[[@r12]\]. The blood pressure-raising effect of dietary salt increases with age, in particular due to increased vessel stiffness and age-related impairment of renal NaCl excretion \[[@r13]\]. High extracellular NaCl was shown to exacerbate experimental diabetic retinopathy \[[@r14]\]. High extracellular osmolarity has various effects on the retina, including a decrease in the standing potential of the eye \[[@r15]\] that originates from the RPE \[[@r16]\], alteration in the membrane potential of the RPE \[[@r17]\], decreases of electroretinogram waves \[[@r18]\], and the induction of neutrophil adhesion to vascular endothelia \[[@r19]\], an early event of tissue inflammation in diabetic retinopathy \[[@r20]\].

Osmotic conditions also regulate the tightness of the outer blood--retinal barrier constituted by the RPE. A hyperosmotic solution at the basal side of the RPE induces a breakdown of the barrier, while a hypoosmotic solution increases the barrier tightness \[[@r17], [@r21]\]. In humans, a mannitol infusion that increases extracellular osmolarity results in a reversible opening of the blood--retinal barrier \[[@r22]\]. The development of retinal edema is an important vision-threatening condition of ischemic and inflammatory retinal diseases, including diabetic retinopathy and neovascular AMD \[[@r23], [@r24]\]. Normally, glial and RPE cells clear excess fluid from the retinal tissue \[[@r25], [@r26]\] by transcellular transport of osmolytes and water; the water transport is facilitated by aquaporin (AQP) water channels \[[@r27], [@r28]\]. The fluid clearance capacity of glial and RPE cells can be exceeded when excess blood-derived fluid enters the retina and/or when the cells alter the expression of ion channels, transporters, and AQPs \[[@r29]\]. AQPs are a family of proteins that facilitate water transport across membranes in dependence on osmotic and hydrostatic gradients \[[@r30]\]. Human RPE cells were shown to express a variety of AQP subtypes \[[@r31]\].

Because systemic hypertension is a risk factor of neovascular AMD \[[@r6],[@r7]\] and while antihypertensive medications do not alter the risk of the disease \[[@r8]\], we assume that further pathogenic conditions associated with hypertension, e.g., salt-induced extracellular hyperosmolarity, may influence the development of neovascularization and edema in the aged retina. To prove this assumption, we determined whether increased extracellular NaCl and osmolarity induce the expression of VEGF in cultured human RPE cells. We found that these conditions induce VEGF expression and secretion. In further experiments, we determined which intracellular signal transduction pathways and transcription factors mediate the effects of hyperosmolarity on the expression of VEGF. Because the resolution of osmotic gradients across membranes is facilitated by AQP water channels \[[@r30]\], we also determined whether high extracellular osmolarity alters the expression of AQPs in RPE cells. We found a high hyperosmotic induction of AQP5 and AQP8 in the cells. Because AQP8 mainly mediates mitochondrial ammonia transport \[[@r32], [@r33]\], while AQP5 plays an important role in transporting water across epithelia in other tissues \[[@r34]-[@r36]\], we further investigated the intracellular signal transduction pathways and transcription factors that mediate the effects of hyperosmolarity on the expression of AQP5, and determined additional factors and conditions that regulate the expression of AQP5. We found that the hyperosmotic expression of VEGF and AQP5 is, at least in part, induced by the activity of nuclear factor of activated T cell 5 (NFAT5), the classical transcription factor that regulates cellular responses to osmotic stress \[[@r37], [@r38]\]. The results may suggest that a high intake of dietary salt may aggravate neovascularization and edema by direct effects of high extracellular NaCl and osmolarity on RPE cells, independently of hypertension.

Methods
=======

Materials
---------

Tissue culture components and solutions were purchased from Gibco BRL (Paisley, UK). Recombinant human VEGF-A~165~, platelet-derived growth factor (PDGF)-BB, and tumor necrosis factor (TNF)-α were purchased from R&D Systems (Abingdon, UK). Interleukin (IL)-1β was purchased from Reliatech (Wolfenbüttel, Germany). AG490, activated coagulation factor X (FXa), the inhibitor of the hypoxia-inducible transcription factor 1 (HIF-1) 3-\[2-(4-adamantan-1-yl-phenoxy)-acetylamino\]-4-hydroxybenzoic acid methyl ester, LY294002, matrix metalloproteinase (MMP)-2 (active form), PD98059, rottlerin, SP600125, and SU1498 were purchased from Calbiochem (Bad Soden, Germany). AG1478 was purchased from Alexis (Grünberg, Germany), and Stattic was purchased from Enzo Life Science (Lörrach, Germany). Caffeic acid phenethyl ester and SB203580 were purchased from Tocris (Ellisville, MO). Human-specific small interfering RNA (siRNA) against NFAT5 (sc-43968) and nontargeted control siRNA-A (sc-37007) were obtained from Santa Cruz Biotechnology (Heidelberg, Germany). α-Thrombin and all other agents used were purchased from Sigma-Aldrich (Taufkirchen, Germany), unless stated otherwise.

The following antibodies were used: rabbit anti-human extracellular signal-regulated kinases 1 and 2 (ERK1/2, p44/p42; 19 ng/ml; Cell Signaling, Frankfurt/M., Germany), a rabbit anti-phosphorylated ERK1/2 (95 ng/ml; Cell Signaling), a rabbit anti-human p38 mitogen-activated protein kinase (p38 MAPK; 8 ng/ml; Cell Signaling), a rabbit anti-human phosphorylated p38 MAPK (27 ng/ml; Cell Signaling), a rabbit anti-human NFAT5 (1 µg/ml; Santa Cruz), a rabbit anti-human nuclear factor (NF)-κB p65 (144 ng/ml; Cell Signaling), a rabbit anti-human signal transducer and activator of transcription 3 (STAT3; 89 ng/ml; Cell Signaling), a rabbit anti-human histone H3 (160 ng/ml; Cell Signaling), a rabbit anti-GAPDH (12 ng/ml; Cell Signaling), an anti-rabbit IgG conjugated with alkaline phosphatase (35 ng/ml; Cell Signaling), a rabbit anti-AQP5 (2 µg/ml; Santa Cruz), a mouse anti-vimentin (V9; 1.5 µg/ml; DakoCytomation, Hamburg, Germany), a Cy2-coupled goat anti-mouse IgG (3.5 µg/ml; Jackson ImmunoResearch, Suffolk, UK), and a Cy3-coupled goat anti-rabbit IgG (3.7 µg/ml; Jackson).

Cell culture
------------

The use of human material was approved by the Ethics Committee of the University of Leipzig, and was performed according to the terms of the Declaration of Helsinki. Human RPE cells were obtained from post-mortem donors within 48 h of death, and were prepared and cultured as described \[[@r39]\]. Near-confluent cultures were growth arrested in medium without serum for 16 h; subsequently, serum-free media with and without test substances were added. Hyperosmotic media were made up by adding 100 mM NaCl or sucrose. The hypoosmotic medium (60% osmolarity) was made up by adding distilled water. Blocking agents were preincubated for 30--60 min.

Preparation of total RNA
------------------------

Total RNA was extracted with the RNeasy Mini Kit (Qiagen, Hilden, Germany). The quality of the RNA was analyzed by agarose gel electrophoresis. The A~260~--A~280~ ratio of the optical density was measured using the NanoDrop 1000 device (Peqlab, Erlangen, Germany), and was between 1.8 and 2.1 for all RNA samples, indicating sufficient quality. After treatment with DNase I (Roche, Mannheim, Germany), cDNA was synthesized from 1 µg of total RNA using the RevertAid H Minus First Strand cDNA Synthesis kit (Fermentas, St. Leon-Roth, Germany).

Real-time RT--PCR
-----------------

Real-time RT--PCR was performed with the Single-Color Real-Time PCR Detection System (BioRad, Munich, Germany) using primer pairs described in [Table 1](#t1){ref-type="table"}. The PCR solution contained 1 µl of cDNA, a specific primer set (0.2 µM each), and 10 µl of a 2× mastermix (iQ SYBR Green Supermix, BioRad) in a final volume of 20 µl. The following conditions were used: initial denaturation and enzyme activation (one cycle at 95 °C for 3 min); denaturation, amplification, and quantification (45 cycles at 95 °C for 30 s, 58 °C for 20 s, and 72 °C for 45 s); and a melting curve (55 °C, with the temperature gradually increased 0.5 °C up to 95 °C). The amplified samples were analyzed by standard agarose gel electrophoresis. mRNA expression was normalized to the level of β-actin mRNA. Changes in mRNA expression were calculated according to the 2^-ΔΔCT^ method (CT, cycle threshold), with ΔCT=CT~target\ gene~ - CT~actb~ and ΔΔCT=ΔCT~treatment~ - ΔCT~control~.

###### Primer pairs used in PCR experiments. s, sense. as, anti-sense.

  **Gene and Accession**                                                       **Primer sequence (5′→3′)**                             **Amplicon (bp)**
  ---------------------------------------------------------------------------- ------------------------------------------------------- -------------------
  ACTB [NM_001101](http://www.ncbi.nlm.nih.gov/nuccore/NM_001101)              F: ATGGCCACGGCTGCTTCCAGC R: CATGGTGGTGCCGCCAGACAG       237
  VEGFA [NM_001025370](http://www.ncbi.nlm.nih.gov/nuccore/NM_001025370)       F: CCTGGTGGACATCTTCCAGGAGTA R: CTCACCGCCTCGGCTTGTCACA   407; 347; 275
  NFAT5 [XM_005255777.1](http://www.ncbi.nlm.nih.gov/nuccore/XM_005255777.1)   F: TCACCATCATCTTCCCACCT R: CTGCAATAGTGCATCGCTGT         174
  HIF1α [NM_001530.3](http://www.ncbi.nlm.nih.gov/nuccore/NM_001530.3)         F: CACAGAAATGGCCTTGTGAA R: CCAAGCAGGTCATAGGTGGT         214
  AQP0 [NM_012064](http://www.ncbi.nlm.nih.gov/nuccore/NM_012064)              F: TGTACTGGGTAGGCCCAATC R: CCCCTCCACGTAAACTCAGA         237
  AQP1 [NM_198098.1](http://www.ncbi.nlm.nih.gov/nuccore/NM_198098.1)          F: GTCCAGGACAACGTGAAGGT R: GAGGAGGTGATGCCTGAGAG         218
  AQP2 [NM_000486.5](http://www.ncbi.nlm.nih.gov/nuccore/NM_000486.5)          F: CCTCTATTGCCCAGATTGGA R: GGGGAAGCTTTGGAAATAGC         223
  AQP3 [NM_004925.3](http://www.ncbi.nlm.nih.gov/nuccore/NM_004925.3)          F: AGACAGCCCCTTCAGGATTT R: TCCCTTGCCCTGAATATCTG         226
  AQP4 [NM_001650.4](http://www.ncbi.nlm.nih.gov/nuccore/NM_001650.4)          F: GGAATTTCTGGCCATGCTTA R: AGACTTGGCGATGCTGATCT         226
  AQP5 [NM_001651.2](http://www.ncbi.nlm.nih.gov/nuccore/NM_001651.2)          F: ACTGGGTTTTCTGGGTAGGG R: GTGGTCAGCTCCATGGTCTT         184
  AQP6 [NM_001652](http://www.ncbi.nlm.nih.gov/nuccore/NM_001652)              F: CACTCAAAGGGAGCCAGAAG R: CGCACTCACAGAATGCAGAT         162
  AQP7 [NM_001170.1](http://www.ncbi.nlm.nih.gov/nuccore/NM_001170.1)          F: GTGATAGGCATCCTCGTGGT R: ATAGGCACCCAGAAGTGGTG         186
  AQP8 [NM_001169.2](http://www.ncbi.nlm.nih.gov/nuccore/NM_001169.2)          F: TCCTGAGGAGAGGTTCTGGA R: AGGGCCCTTTGTCTTCTCAT         157
  AQP9 [NM_020980.3](http://www.ncbi.nlm.nih.gov/nuccore/NM_020980.3)          F: AGCCACCTCTGGTCTTGCT R: ATGTAGAGCATCCCCTGGTG          167
  AQP10 [NM_080429.2](http://www.ncbi.nlm.nih.gov/nuccore/NM_080429.2)         F: GCCTGGGAACAACAGTCATT R: TGAGAAGCCTGAGTCCTGGT         155
  AQP11 [NM_173039.1](http://www.ncbi.nlm.nih.gov/nuccore/NM_173039.1)         F: GGCTGGCTCCTTCTTTAGGT R: CCGGTGTTTTCCATATGAGG         181
  AQP12 [NM_198998.1](http://www.ncbi.nlm.nih.gov/nuccore/NM_198998.1)         F: CTTCTTCTTTGCCACCTTCG R: AACTCCTGCAGGGACACAGT         240

mRNA stability
--------------

Cells were first treated with NaCl (+ 100 mM) or double-distilled water for 12 h, followed by the addition of actinomycin D (5 µg/ml). Total RNA was isolated at 1.5, 3, 4.5, and 6 h after the addition of actinomycin D, and mRNA expression was determined by real-time RT--PCR analysis. The vehicle control (1:500 ethanol) had no effect on AQP5 and VEGF mRNA stability (not shown).

ELISA
-----

Cells were stimulated with iso- and hyperosmotic (+ 100 mM NaCl) media without serum in the absence and presence of blocking substances. The supernatants were collected after 6 and 24 h, and the level of VEGF-A~165~ in the cultured media (200 µl) was determined by ELISA (R&D Systems).

Western blot analysis of cellular proteins
------------------------------------------

The cells were seeded at 5×10^5^ cells per well in six-well plates in 1.5 ml complete medium, and were allowed to grow up to a confluency of \~80%. After growth arrest for 16 h, the cells were treated with test substances and a hyperosmotic medium (+ 100 mM NaCl) for 20 min, 6 h, and 24 h, respectively. Then, the medium was removed, the cells were washed twice with pre-chilled phosphate-buffered saline (pH 7.4; Invitrogen, Paisley, UK), and the monolayer was scraped into 150 µl of lysis buffer (Mammalian Cell Lysis-1 Kit; Sigma). The total cell lysates were centrifuged at 10,000 × *g* for 10 min, and the supernatants were analyzed by immunoblotting. Equal amounts of protein (for the detection of intracellular signal transduction proteins and GAPDH: 30 µg; of NFAT5: 70 µg) were separated by 10% SDS--PAGE. Immunoblots were probed with primary and secondary antibodies, and immunoreactive bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium.

Nuclear protein extraction and western blot analysis of nuclear proteins
------------------------------------------------------------------------

The cells (\~90% of confluency) were growth arrested for 5 h and then treated with a hyperosmotic medium (+ 100 mM NaCl) for 24 h. Thereafter, the medium was removed; the cells were washed with ice-cold phosphate-buffered saline and harvested using StemProAccutase (Gibco). Nuclear extracts were prepared by cell lysis in ice-cold buffer A (10 mM HEPES, pH 7.9; 1.5 mM MgCl~2~; 10 mM KCl; 1 mM dithiothreitol; 0.5 mM phenylmethylsulfonyl fluoride; 1 µM Na~3~VO~4~; 0.4% NP-40) for 20 min on ice with vortexing. After centrifugation at 13,000 × *g* for 20 s, nuclear pellets were resuspended in buffer B (20 mM HEPES, pH 7.9; 420 mM NaCl; 1.5 mM MgCl~2~; 0.2 mM EDTA; 0.2 mM phenylmethylsulfonyl fluoride; 1 µM Na~3~VO~4~). Cell nuclei were lysed by intensive shaking using a vortexer at 4 °C for 30 min. Lysates were cleared by centrifugation at 13,000 × *g* for 2 min. Equal amounts of protein (20 µg) were separated by 10% SDS--PAGE; immunoreactive bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium.

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

EMSA was performed with the DIG Gel Shift Kit 2nd Generation (Roche) according to the manufacturer's instructions, using the following oligonucleotides, which contained binding sites for NFAT5 (cursive letters): GTGAAGCACCAAA*TGGAAAATCACC*GGCATGGAGT and GTGACTCCATGCC*GGTGATTTTCCA*TTTGGTGCTT. Gel shift reaction was performed with 4 µg of nuclear extract in a total volume of 20 µl for 25 min at room temperature. To check the specificity of DNA--protein interaction, unlabeled double-stranded oligonucleotides were used as competitors in 200-fold excess. Electrophoresis was performed with a 4% non-denaturing PAGE; the separated oligonucleotide-protein complexes were transferred to a positively charged nylon membrane by electroblotting. DIG-labeled DNA fragments were detected with an anti-DIG antibody, and immunoreactive bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium.

siRNA transfection
------------------

Cells were seeded at 7×10^4^ cells per well in 12-well culture plates and were allowed to grow up to a confluency of 60%--80%. Thereafter, the cells were transfected with NFAT5 siRNA and nontargeted siRNA (each 5 nM), respectively, using a HiPerfect reagent (Qiagen, Hilden, Germany) in F-10 medium containing 10% fetal bovine serum (Invitrogen) according to the manufacturer's instructions. After 48 h, the medium was removed and fresh iso- or hyperosmotic medium without serum was added for 2, 6, and 24 h, respectively. Total RNA was extracted, and NFAT5, AQP5, and VEGF mRNA levels were determined with real-time RT--PCR analysis. The VEGF content of the cultured media was determined with ELISA.

Immunocytochemistry
-------------------

Cultured cells were fixed in 0.4% paraformaldehyde for 15 min. After several washing steps in buffered saline, the cells were incubated in 5% normal goat serum, 0.3% Triton X-100, and 1% DMSO (DMSO) in saline for 1 h at room temperature and, subsequently, in a mixture of primary antibodies overnight at 4 °C. After washing in saline plus 0.3% Triton X-100 and 1% DMSO, secondary antibodies and Hoechst 33,258 (1:500) were applied for 1 h at room temperature. Images were taken with a confocal laser scanning microscope (LSM 510 Meta; Zeiss, Oberkochen, Germany).

Statistics
----------

For each test, at least three independent experiments using cells from different donors were performed in triplicate. The numbers of independent experiments (n) hold for both stimulated and control conditions. Data are expressed as means ± SEM. Statistical analysis was made using Prism (Graphpad Software, San Diego, CA). Significance was determined by one-way ANOVA followed by Bonferroni's multiple comparison test and Mann--Whitney *U* test, and was accepted at p\<0.05.

Results
=======

Osmolarity-dependent expression of VEGF
---------------------------------------

To determine whether high extracellular NaCl and/or osmolarity alter the expression of VEGF, we stimulated cultured human RPE cells with media that were made hyperosmotic by the addition of 100 mM NaCl or sucrose. As shown in [Figure 1A,B](#f1){ref-type="fig"}, high NaCl induced time-dependent increases in the VEGF mRNA level and secretion of VEGF protein from the cells. Increases in VEGF expression and secretion were also observed after the addition of 100 mM sucrose to the medium ([Figure 1C,D](#f1){ref-type="fig"}). The effect of high extracellular NaCl on the cellular VEGF mRNA level was dose-dependent ([Figure 1E](#f1){ref-type="fig"}). Culturing the cells in a hypoosmotic medium (60% osmolarity) decreased the cellular VEGF mRNA level after 24 h of stimulation ([Figure 1F](#f1){ref-type="fig"}) but did not alter the secretion of VEGF (n=5; not shown). Anti-inflammatory steroids such as triamcinolone acetonide are clinically used for the rapid resolution of retinal edema \[[@r40]\]. Triamcinolone acetonide is known to inhibit the hypoxic secretion of VEGF from RPE cells \[[@r41]\]. Triamcinolone also fully prevented the hyperosmotic increases in VEGF mRNA ([Figure 1A](#f1){ref-type="fig"}) and secretion of VEGF ([Figure 1B](#f1){ref-type="fig"}).

![Osmolarity-dependent production of VEGF in RPE cells. The mRNA expression (**A, C, E, F**) was determined with real-time RT--PCR analysis and is expressed as a fold of isoosmotic unstimulated control. The level of VEGF-A~165~ protein in the cultured media (**B, D**) was determined with ELISA and is expressed as a percentage of isoosmotic unstimulated control (100%, corresponding to 169.1±38.9 \[**B**, 6 h\], 230.6±55.1 \[**B**, 24 h\], and 525.0±90.6 pg/ml VEGF\[**D**\], respectively). **A.** Relative expression level of *VEGFA* in cells cultured for 2, 6, and 24 h in isoosmotic (- NaCl) and hyperosmotic (+ 100 mM NaCl) media in the absence (- Triam) and presence (+ Triam) of triamcinolone acetonide (50 µM). **B.** Release of VEGF protein from RPE cells measured under hyperosmotic conditions. The cells were stimulated for 6 and 24 h, respectively, with hyperosmotic medium (+ 100 mM NaCl) in the absence (- Triam) and presence (+ Triam) of triamcinolone acetonide (50 µM). The data are expressed as a percentage of isoosmotic untreated control (100%). **C.** Effect of hyperosmotic medium (+ 100 mM sucrose) on the expression of *VEGFA*. **D.** Effect of hyperosmotic medium (+ 100 mM sucrose) on the release of VEGF protein from RPE cells. **E.** Dose-dependent effect of high extracellular NaCl on the cellular level of VEGF mRNA. The cells were cultured for 6 h in media that were made hyperosmotic by the addition of 10 to 100 mM NaCl. **F.** Effect of hypoosmotic medium (60% osmolarity) on the expression of *VEGFA*. Data are means ± SEM of n=4 (**C, D, E**), 5 (**F**), 7 (**B**), and 10 (**A**) independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f1){#f1}

Regulation of the hyperosmotic induction of VEGF
------------------------------------------------

The hyperosmotic increase in VEGF gene expression resulted from the stimulation of gene transcription ([Figure 2A](#f2){ref-type="fig"}) and not from altered mRNA stability ([Figure 2B](#f2){ref-type="fig"}). The hyperosmotic increase in VEGF gene transcription was nearly fully abrogated by inhibitors of p38 MAPK, ERK1/2, c-Jun NH~2~-terminal kinase (JNK), and phosphatidylinositol-3 kinase (PI3K)-Akt signal transduction pathways ([Figure 3A](#f3){ref-type="fig"}). The inhibitors also decreased the hyperosmotic secretion of VEGF ([Figure 3B](#f3){ref-type="fig"}). Selective antagonists of PDGF and epidermal growth factor (EGF) receptor tyrosine kinases, AG1296 and AG1478, did not inhibit the hyperosmotic expression of VEGF ([Figure 3A](#f3){ref-type="fig"}), suggesting that the upregulation of VEGF was not mediated by autocrine/paracrine PDGF and EGF signaling. In agreement with a recent study \[[@r42]\], we found that hyperosmotic stimulation for 20 min induced increased phosphorylation of p38 MAPK protein ([Figure 3C](#f3){ref-type="fig"}). In addition, hyperosmotic stimulation induced the phosphorylation of ERK1/2 proteins ([Figure 3C](#f3){ref-type="fig"}). The phosphorylation of p38 and ERK1/2 was not stimulated by chemical hypoxia for 20 min ([Figure 3C](#f3){ref-type="fig"}).

![The hyperosmotic upregulation of VEGF is induced by the stimulation of gene transcription. mRNA expression was measured with real-time RT--PCR analysis. **A.** Inhibition of the gene transcription by actinomycin D (ActD; 5 µg/ml) abrogated the increase in VEGF mRNA induced by hyperosmotic (+ 100 mM NaCl) medium. The data were obtained after 6 (n=4) and 12 h (n=5) of stimulation, respectively, and are expressed as folds of isoosmotic unstimulated control. Actinomycin D was preincubated for 30 min. **B.** The stability of VEGF mRNA did not differ between isoosmotic (control; n=6) and hyperosmotic (+ 100 mM NaCl; n=4) conditions. The cells were first treated with isoosmotic (control) and hyperosmotic (+ 100 mM NaCl) media for 12 h, followed by the addition of actinomycin D (5 µg/ml). Total RNA was isolated at different time periods after the addition of actinomycin D. Data are means ± SEM obtained in independent experiments performed in triplicate, and expressed in percent of 0-h control. Significant differences versus isoosmotic unstimulated control (**A**) and 0 h (**B**): \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f2){#f2}

![Involvement of signal transduction pathways in the hyperosmotic induction of VEGF in RPE cells. The mRNA level (**A**) was determined with real-time RT--PCR analysis in cells cultured 6 h under iso- (control) and hyperosmotic conditions (+ 100 mM NaCl), and is expressed as folds of isoosmotic unstimulated control. The level of VEGF-A~165~ protein (**B**) was determined with ELISA in the media of cells cultured 24 h under iso- and hyperosmotic conditions, and is expressed in a percentage of isoosmotic unstimulated control (100%, corresponding to 281.7±45.8 pg/ml VEGF). The cytosolic protein levels (**C**) were determined by western blot analysis. **A.** The hyperosmotic upregulation of *VEGFA* was decreased by the inhibitor of p38 MAPK activation, SB203580 (10 µM; n=6); the inhibitor of ERK1/2 activation, PD98059 (20 µM; n=6); the JNK inhibitor SP600125 (10 µM; n=5); and the inhibitor of PI3K-related kinases, LY294002 (5 µM; n=6), respectively. The inhibitor of the PDGF receptor tyrosine kinase, tyrphostin AG1296 (10 µM; n=5), and the inhibitor of the EGF receptor tyrosine kinase, AG1478 (600 nM; n=5), did not inhibit the hyperosmotic upregulation of *VEGFA*. The vehicle control was made with DMSO (1%; n=3). **B.** The inhibitors of p38 MAPK (n=5), ERK1/2 (n=5), JNK (n=5), and PI3K (n=5) also decreased the secretion of VEGF induced by hyperosmotic stimulation. **C.** Stimulation of the cells for 20 min with CoCl~2~ (150 µM) or hyperosmotic medium (+ 100 mM NaCl) induced the phosphorylation of p38 and ERK1/2 proteins. PDGF (10 ng/ml) was used as a positive control. Amounts of total proteins are shown above; amounts of phosphorylated proteins are shown below. Similar results were obtained in three independent experiments using cells from different donors. Bars represent means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f3){#f3}

Expression of AQP genes
-----------------------

The resolution of osmotic gradients across membranes is facilitated by AQP water channels \[[@r30]\]. We compared the expression levels of AQP genes in RPE cells, which were freshly isolated from human post-mortem donor eyes, and in cultured human RPE cells. In agreement with a previous study \[[@r31]\], we found that both freshly isolated and cultured RPE cells did not contain AQP2 gene transcripts ([Figure 4A](#f4){ref-type="fig"}). Transcripts of AQP4, 6, 7, 10, and 12 genes were detectable in freshly isolated cells, but not in cultured cells ([Figure 4A](#f4){ref-type="fig"}). The expression levels of AQP1, 5, 8, 9, and 11 genes were smaller in cultured cells than in freshly isolated cells, as indicated by the significantly (p\<0.05) increased ΔCT values ([Figure 4A](#f4){ref-type="fig"}). The expression levels of AQP0 and AQP3 genes were not different between freshly isolated and cultured cells ([Figure 4A](#f4){ref-type="fig"}). The data indicate that human RPE cells in situ contain gene transcripts of various AQP subtypes, and that the expression of various AQP genes is downregulated in cultured cells compared to freshly isolated cells. It was shown that cultured human RPE cells display immunoreactivities for AQP1, 3, and 9 proteins \[[@r31], [@r43]\]. We found that the cells also display AQP5 immunoreactivity ([Figure 4B](#f4){ref-type="fig"}).

![Expression of AQP subtypes in freshly isolated and cultured human RPE cells. **A.** Comparison of the expression levels of AQP1--12 genes in freshly isolated and cultured RPE cells. Bars represent means ± SEM normalized cycle thresholds (ΔCT) required to detect mRNA in real-time RT--PCR. The smaller the ΔCT value, the higher the cellular mRNA level. The values were obtained in four independent preparations of freshly isolated cells from different donors and in three independent cultures using cells from different donors, respectively. Significant difference: \*p\<0.05. **B.** Immunolabeling of cultured human RPE cells with antibodies against AQP5 (*green*) and vimentin (*red*). Cell nuclei were labeled with Hoechst 33,258 (*blue*). *Right:* Negative control cells stained without primary antibodies. Bars, 20 µm.](mv-v21-360-f4){#f4}

Transcriptional regulation of AQP5
----------------------------------

The stimulation of cultured RPE cells with a hyperosmotic medium (+ 100 mM NaCl) induced strong time-dependent increases in AQP5 and AQP8 mRNA levels, while the gene expression of further AQPs investigated was not or only moderately altered ([Figure 5A](#f5){ref-type="fig"}). An increase in the AQP5 mRNA level was also observed after the addition of 100 mM sucrose to the medium ([Figure 5B](#f5){ref-type="fig"}). The effect of high extracellular NaCl on the cellular AQP5 mRNA level was dose-dependent ([Figure 5C](#f5){ref-type="fig"}). Extracellular hypoosmolarity decreased the level of AQP5 mRNA ([Figure 5D](#f5){ref-type="fig"}). The AQP5 mRNA level remained largely unaltered in response to oxidative stress induced by the addition of H~2~O~2~ (20 µM; n=7; not shown) and in the presence of high (25 mM) glucose ([Figure 5E](#f5){ref-type="fig"}), VEGF (10 ng/ml; n=8), PDGF (10 ng/ml; n=6), IL-1β (10 ng/ml; n=6), TNFα (10 ng/ml; n=5), MMP-2 (10 ng/ml; n=3), arachidonic acid (5 µM; n=4), prostaglandin E~2~ (10 ng/ml; n=8), thrombin (10 U/ml; n=7), and coagulation factor Xa (1 U/ml; n=6), respectively (data not shown). The AQP5 mRNA level was decreased in the presence of the hypoxia mimetic CoCl~2~ \[[@r44]\], and strongly reduced in the presence of fetal bovine serum ([Figure 5E](#f5){ref-type="fig"}). The data suggest that the gene expression of AQP5 in RPE cells is relatively specifically regulated by osmotic gradients, hypoxia, and blood serum. Triamcinolone acetonide decreased the AQP5 mRNA level under isoosmotic conditions, but did not prevent the hyperosmotic induction of AQP5 gene expression ([Figure 5F](#f5){ref-type="fig"}).

![Regulation of the AQP5 gene expression in RPE cells. The mRNA levels were determined with real-time RT--PCR analysis after stimulation of the cells for 2, 6, and 24 h, and are expressed as folds of isoosmotic unstimulated control. **A.** Effect of hyperosmotic culture medium (+ 100 mM NaCl) on the gene expression level of various AQP subtypes (n=8). **B.** Effect of hyperosmotic medium (+ 100 mM sucrose) on the gene expression of AQP5 (n=4). **C.** Dose-dependent effect of high extracellular NaCl on the cellular level of AQP5 mRNA (n=4). The cells were cultured for 6 h in media that were made hyperosmotic by the addition of 10 to 100 mM NaCl. **D.** Effect of hypoosmotic medium (60% of control osmolarity) on the gene expression of AQP5 (n=6). **E.** Effects of high (25 mM) glucose (n=7), CoCl~2~ (150 µM; n=8), and fetal bovine serum (10%; n=4) on the gene expression of AQP5. **F.** Regulation of AQP5 expression by triamcinolone acetonide (50 µM) under isoosmotic (control; n=8) and hyperosmotic (+ 100 mM NaCl; n=6) conditions. Data are means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05.](mv-v21-360-f5){#f5}

Regulation of the hyperosmotic induction of AQP5
------------------------------------------------

Hyperosmotic AQP5 expression was induced by the stimulation of gene transcription ([Figure 6A](#f6){ref-type="fig"}) and not by altered mRNA stability ([Figure 6B](#f6){ref-type="fig"}). The hyperosmotic expression of AQP5 was significantly (p\<0.05) decreased by the inhibitors of p38 MAPK and ERK1/2 signal transduction pathways ([Figure 7](#f7){ref-type="fig"}). Inhibitors of the PI3K signal transduction pathway and JNK activation had no effects ([Figure 7](#f7){ref-type="fig"}). Furthermore, antagonists of PDGF and EGF receptor tyrosine kinases, and of the VEGF receptor-2, did not inhibit the hyperosmotic upregulation of AQP5 ([Figure 7](#f7){ref-type="fig"}). The data suggest that hyperosmotic AQP5 gene expression is in part dependent on the activation of p38 MAPK and ERK1/2 signal transduction pathways.

![The hyperosmotic upregulation of AQP5 is induced by the stimulation of gene transcription. mRNA expression was determined with real-time RT--PCR analysis. **A.** Inhibition of the RNA polymerase II by actinomycin D (ActD; 5 µg/ml) abrogated the increase in AQP5 mRNA induced by hyperosmotic (+ 100 mM NaCl) medium. The data were obtained after 6 (n=7) and 12 h (n=8) of stimulation, respectively, and are expressed as folds of isoosmotic unstimulated control. Actinomycin D was preincubated for 30 min. **B.** The stability of AQP5 mRNA did not differ between isoosmotic (control; n=4) and hyperosmotic (+ 100 mM NaCl; n=5) conditions. The cells were first treated with iso- and hyperosmotic media for 12 h, followed by the addition of actinomycin D (5 µg/ml). Total RNA was isolated at different time periods after the addition of actinomycin D. Data are means ± SEM obtained in independent experiments performed in triplicate, and are expressed in percentages of 0-h control. Significant difference versus isoosmotic unstimulated control (**A**) and 0 h (**B**): \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f6){#f6}

![Dependence of the hyperosmotic induction of AQP5 in RPE cells on the activation of signal transduction pathways. The mRNA level was measured with real-time RT--PCR analysis. The cells were cultured for 24 h in isoosmotic (control) and hyperosmotic (+ 100 mM NaCl) media. The hyperosmotic elevation of AQP5 expression was decreased by the inhibitor of p38 MAPK activation, SB203580 (10 µM; n=8), and the inhibitor of ERK1/2 activation, PD98059 (20 µM; n=10), respectively. Inhibitors of JNK activation (SP600125; 10 µM; n=10), of the catalytic subunits of PI3K-related kinases (LY294002; 5 µM; n=8), of the PDGF receptor tyrosine kinase (AG1296; 10 µM; n=8), of the EGF receptor tyrosine kinase (AG1478; 600 nM; n=8), and of the VEGF receptor-2 (SU1498; 10 µM; n=8) did not decrease the hyperosmotic induction of AQP5. The vehicle control was made with DMSO (1%; n=6). Data are means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f7){#f7}

Role of transcription factors in the hyperosmotic induction of AQP5 and VEGF
----------------------------------------------------------------------------

The VEGF gene expression induced by chemical hypoxia and hyperosmolarity were not additive ([Figure 8A](#f8){ref-type="fig"}). This suggests the involvement of (at least in part) common mechanisms of the transcriptional activation of VEGF under both conditions. HIF-1 and STAT3 are known transcriptional activators of VEGF \[[@r45], [@r46]\]. In RPE cells, hyperosmotic challenges increased the gene expression of HIF-1α while hypoosmolarity had no effect ([Figure 8B](#f8){ref-type="fig"}). To reveal whether HIF-1 activity is required for the hyperosmotic induction of AQP5 and VEGF in RPE cells, we tested an HIF inhibitor \[[@r47]\]. The HIF inhibitor decreased the hyperosmotic induction of VEGF by approximately 50% ([Figure 8C](#f8){ref-type="fig"}) and almost completely abrogated the hyperosmotic secretion of VEGF protein ([Figure 8D](#f8){ref-type="fig"}). On the other hand, the Janus kinase (JAK)-2 inhibitor AG490 \[[@r48]\], which inhibits the DNA binding of STAT3; the STAT3 inhibitor Stattic \[[@r49]\]; and the inhibitor of the nuclear transcription factor NF-κB, caffeic acid phenethyl ester \[[@r50]\] had no significant effects on the hyperosmotic induction of VEGF gene transcription ([Figure 8C](#f8){ref-type="fig"}) and the hyperosmotic secretion of VEGF ([Figure 8D](#f8){ref-type="fig"}). The data suggest that the hyperosmotic production of VEGF is in part mediated by HIF-1 but not by STAT3 or NF-κB. In contrast, hyperosmotic AQP5 gene expression was significantly (p\<0.05) decreased by the NF-κB inhibitor, while the HIF inhibitor, the JAK2 inhibitor, and the STAT3 inhibitor were without effects ([Figure 8E](#f8){ref-type="fig"}).

![The hyperosmotic induction of VEGF, but not of AQP5, depends in part on the activity of HIF-1. mRNA levels (**A-C, E**) were determined with real-time RT--PCR analysis in cells stimulated for 2, 6, and 24 h, and are expressed as folds of isoosmotic unstimulated control. The level of VEGF-A~165~ protein (**D**) was determined with ELISA in the cultured media of cells stimulated for 24 h, and is expressed in percentages of isoosmotic unstimulated control (100%, corresponding to 383.0±51.1 pg/ml VEGF). **A.** Effects of chemical hypoxia (150 µM CoCl~2~) and hyperosmotic medium (+ 100 mM NaCl) on the level of VEGF mRNA (n=6). **B.** Relative HIF-1α gene expression level in cells treated with hyperosmotic (+ 100 mM NaCl \[n=8\] and 100 mM sucrose \[n=6\], respectively) and hypoosmotic (Hypo; 60% osmolarity) media (n=6). **C.** The hyperosmotic (+ 100 mM NaCl) upregulation of *VEGFA* was decreased in the presence of an HIF inhibitor (HIF-Inh; 5 µM; n=7). The JAK2 inhibitor AG490 (10 µM; n=5), the STAT3 inhibitor Stattic (1 µM; n=7), and the NF-κB inhibitor caffeic acid phenethyl ester (CAPE; 1 µg/ml; n=7) had no significant effects. **D.** The hyperosmotic secretion of VEGF was inhibited by the HIF inhibitor (HIF-Inh; 5 µM; n=6), but not by AG490 (10 µM; n=6), Stattic (1 µM; n=6), or caffeic acid phenethyl ester (CAPE; 1 µg/ml; n=6). **E.** Effects of the HIF inhibitor (HIF-Inh; 5 µM; n=6), AG490 (10 µM; n=6), Stattic (1 µM; n=6), and the NF-κB inhibitor caffeic acid phenethyl ester (CAPE; 1 µg/ml; n=6) on the gene expression of AQP5. Vehicle controls were made with DMSO (1%; n=3 each). Data are means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f8){#f8}

In various cell systems, the transcriptional activity of NFAT5 is critical for cell survival under hyperosmotic conditions \[[@r37], [@r38]\]. We found that hyperosmotic media transiently increased the gene expression of NFAT5 in RPE cells while a hypoosmotic medium decreased the expression of NFAT5 ([Figure 9A](#f9){ref-type="fig"}). The effect of high extracellular NaCl on the cellular NFAT5 mRNA level was dose-dependent ([Figure 9B](#f9){ref-type="fig"}). Hyperosmolarity also increased the cellular ([Figure 9C](#f9){ref-type="fig"}) and nuclear levels ([Figure 9D, E](#f9){ref-type="fig"}) of the NFAT5 protein, while hypoosmolarity decreased the cellular level of NFAT5 protein ([Figure 9C](#f9){ref-type="fig"}). In addition, hyperosmolarity increased the nuclear level of p65/NF-κB protein, while the nuclear level of STAT3 protein remained unchanged ([Figure 9E](#f9){ref-type="fig"}). EMSA showed that hyperosmolarity induced the DNA binding of the NFAT5 protein ([Figure 9F](#f9){ref-type="fig"}). Chemical hypoxia did not induce increased levels of NFAT5 mRNA ([Figure 9A](#f9){ref-type="fig"}) and protein ([Figure 9C](#f9){ref-type="fig"}). Similarly, hypoxic conditions induced by culturing the cells in 1% O~2~ did not alter the gene expression of NFAT5 ([Figure 9A](#f9){ref-type="fig"}). In addition, oxidative stress induced by the addition of H~2~O~2~ (20 µM) did not increase the nuclear level of the NFAT5 protein (n=3; not shown). The data suggest that the expression of NFAT5 in RPE cells is regulated by osmotic changes, but not by hypoxia and oxidative stress.

![Hyperosmolarity induces NFAT5 gene and protein expression, and the DNA binding of NFAT5, in RPE cells. The mRNA level (**A, B**) was determined with real-time RT--PCR analysis in cells stimulated for 2, 6, and 24 h, and are expressed as folds of isoosmotic unstimulated control. The protein levels (**C-E**) were determined by western blot analysis of cytosolic (**C**) and nuclear extracts (**D, E**) of cells stimulated for 6 and 24 h, respectively. **A.** Effects of osmolarity changes, CoCl~2~ (150 µM; n=5), and cell culture in 1% O~2~ (n=4) on the level of NFAT5 mRNA. The hyperosmotic media were made up by adding 100 mM NaCl (n=5) and 100 mM sucrose (n=3), respectively. The hypoosmotic medium contained 60% of control osmolarity (n=5). *Inset:* Expression of β-actin and NFAT5 genes in RPE cells from different donors (1, 2) determined by RT--PCR. Negative controls (-) were done by adding double-distilled water instead of cDNA as a template. **B.** Dose-dependent effect of high extracellular NaCl on the cellular level of AQP5 mRNA (n=4). The cells were cultured for 6 h in media that were made hyperosmotic by the addition of 10 to 100 mM NaCl. **C.** Effects of CoCl~2~ (150 µM), as well as of hyperosmotic (+ 100 mM NaCl) and hypoosmotic (Hypo) media, on the cellular level of the NFAT5 protein. Similar results were obtained in three independent experiments using cells from different donors. **D.** Hyperosmolarity (+ 50 and + 100 mM NaCl, respectively) increased dose-dependently the nuclear level of the NFAT5 protein. **E.** Hyperosmolarity (+ 100 mM NaCl) increased the nuclear levels of NFAT5 and p65/NF-κB proteins of RPE cells, while the nuclear level of STAT3 protein remained unchanged. As a control, the nuclear level of the histone H3 (HisH3) protein was determined. **F.** Hyperosmolarity (+ 100 mM NaCl) induces the DNA binding of NFAT5, as indicated by the appearance of complexes of NFAT5 protein and labeled oligonucleotides in EMSA that were not observed under isoosmotic conditions. An excess of unlabeled oligonucleotides (Competitor) abrogated the binding of NFAT5 protein to labeled oligonucleotides. Similar results were obtained in three independent experiments using cells from different donors. Bars represent means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05.](mv-v21-360-f9){#f9}

To determine whether the hyperosmotic expression of AQP5 and VEGF depends on the transcriptional activity of NFAT5, we tested the NFAT5 inhibitor rottlerin \[[@r51]\]. Rottlerin inhibited the hyperosmotic gene expression of AQP5 ([Figure 10A](#f10){ref-type="fig"}) and VEGF ([Figure 10B](#f10){ref-type="fig"}), as well as the hyperosmotic secretion of VEGF ([Figure 10C](#f10){ref-type="fig"}). To confirm the involvement of NFAT5 activity in the hyperosmotic induction of AQP5 and VEGF with another method, we used siRNA to knock down NFAT5. The inhibitory activity of the siRNA was confirmed in cells cultured under isoosmotic ([Figure 10D](#f10){ref-type="fig"}) and hyperosmotic conditions ([Figure 10E](#f10){ref-type="fig"}). RPE cells transfected with NFAT5 siRNA displayed a significantly (p\<0.05) reduced upregulation of AQP5 ([Figure 10F](#f10){ref-type="fig"}) and VEGF expression ([Figure 10G](#f10){ref-type="fig"}), and a significantly (p\<0.05) reduced secretion of VEGF ([Figure 10H](#f10){ref-type="fig"}) under hyperosmotic conditions compared to non-transfected cells. Transfection of the cells with nontargeted negative control siRNA had no significant effects on the hyperosmotic induction of AQP5 and VEGF gene expression ([Figure 10F,G](#f10){ref-type="fig"}), or on the hyperosmotic secretion of VEGF from RPE cells ([Figure 10H](#f10){ref-type="fig"}).

![The hyperosmotic induction of AQP5 and VEGF depends on the activity of NFAT5. The mRNA levels (**A, B, D-G**) were determined with real-time RT--PCR analysis in cells stimulated for 2, 6, and 24 h, and are expressed as folds of isoosmotic unstimulated control (**A, B, D**) and NaCl control (**E-G**), respectively. The level of VEGF-A~165~ protein (**C, H**) was determined with ELISA in the cultured media of cells stimulated for 24 h, and is expressed in a percentage of isoosmotic unstimulated control (100%, corresponding to 429.5±71.4 pg/ml \[**C**\] and 324.2±35.1 pg/ml VEGF \[**H**\], respectively). **A-C.** The NFAT5 inhibitor rottlerin (2 and 10 µM, respectively) inhibits the hyperosmotic gene expression of AQP5 (**A**; n=7) and VEGF (**B**; n=3), as well as the hyperosmotic secretion of VEGF (**C**; n=5) from RPE cells. Hyperosmolarity was achieved by the addition of 100 mM NaCl to the culture medium. Vehicle control was made with DMSO (1%). **D, E.** Transfection of RPE cells with NFAT5 siRNA (siNFAT5; 5 nM) results in a reduction of the NFAT5 mRNA level in RPE cells cultured in isoosmotic (**D**; n=5) and hyperosmotic (+ 100 mM NaCl) media (**E**; n=3). Data shown in (**D**) were obtained 48 h after siRNA transfection. Thereafter, the cells were stimulated with a hyperosmotic medium for 2, 6, and 24 h, respectively (**E**). As negative controls, nontargeted siRNA (siNon; 5 nM) and a transfection reagent (TR) without siRNA were used. **F, G.** Knocking down the gene expression of NFAT5 with siRNA (siNFAT5; 5 nM) reduced the levels of AQP5 (**F**; n=6) and VEGF mRNAs (**G**; n=6) in cells cultured for 24 (**F**) and 6 h (**G**), respectively, in hyperosmotic (+ 100 mM NaCl) medium. As a negative control, nontargeted siRNA (siNon; 5 nM) was used (n=6 each). **H.** NFAT5 siRNA also reduced the secretion of VEGF induced by hyperosmotic (+ 100 mM NaCl) medium (n=6). Data are means ± SEM obtained in independent experiments performed in triplicate. Significant difference versus isoosmotic unstimulated control: \*p\<0.05. Significant difference versus NaCl control: ●p\<0.05.](mv-v21-360-f10){#f10}

Discussion
==========

Systemic hypertension increases the risk of neovascular AMD \[[@r6], [@r7]\]. One main factor that causes hypertension is high salt intake resulting in increased extracellular osmolarity \[[@r12]\]. Because antihypertensive medications do not decrease the risk of AMD \[[@r8]\], we assume that further pathogenic conditions associated with hypertension, e.g., increased extracellular NaCl level and/or increased extracellular osmolarity, may induce cellular alterations that favor angiogenesis and edema in the aged retina. Mechanical stretching and hypertension are known to stimulate the expression of VEGF in vascular endothelial and RPE cells \[[@r9], [@r10]\]. However, it is not known whether increased extracellular NaCl and/or increased osmolarity affect the expression of VEGF in retinal cells. We describe that hyperosmolarity induces transcriptional activation of the VEGF gene and secretion of VEGF protein from RPE cells ([Figure 1A-D](#f1){ref-type="fig"}). The high NaCl- and sucrose-induced VEGF gene expression showed different time dependencies ([Figure 1A,C](#f1){ref-type="fig"}), suggesting that both hyperosmolarity and alteration of the transmembrane NaCl gradient induce VEGF gene transcription. Because a decrease in the extracellular osmolarity results in a decreased expression of the VEGF gene ([Figure 1F](#f1){ref-type="fig"}), transcriptional activation of the VEGF gene is directly related to the extracellular osmolarity.

Water transport through AQPs is crucially implicated in the resolution of osmotic gradients across membranes \[[@r30]\]. In agreement with a previous study \[[@r31]\], we found that both freshly isolated and cultured human RPE cells contain gene transcripts of various AQP subtypes. By using real-time RT--PCR, we compared the cellular levels of AQP gene transcripts in freshly isolated and cultured RPE cells, and found that the expression of various AQP genes is downregulated in cultured cells compared to freshly isolated cells ([Figure 4A](#f4){ref-type="fig"}). The expression of AQP subtypes in human RPE cells is still a matter of debate. A recent study described an absence of AQP6, 8, 10, and 12 gene transcripts in the human retina and sclera \[[@r52]\]. The reasons for the different results are unclear and might be related to different tissue and RNA preparation procedures, or to different PCR conditions.

We show that increased extracellular osmolarity highly induces the expression of AQP5 and AQP8 in RPE cells ([Figure 5A](#f5){ref-type="fig"}). It is known that AQP8 mainly mediates mitochondrial ammonia transport \[[@r32], [@r33]\], while AQP5 mediates transepithelial water transport \[[@r34]-[@r36]\]. Therefore, we focused the following experiments on the regulation of the AQP5 expression in RPE cells. Because the high NaCl- and sucrose-induced upregulation of AQP5 displayed similar time dependencies ([Figure 5A,B](#f5){ref-type="fig"}), we assume that hyperosmolarity, but not the alteration in the transmembrane NaCl gradient, induces AQP5 gene transcription. AQP5 gene expression was decreased by extracellular hypoosmolarity ([Figure 5D](#f5){ref-type="fig"}) and the presence of blood serum and the hypoxia mimetic CoCl~2~ ([Figure 5E](#f5){ref-type="fig"}), respectively. The CoCl~2~-induced decrease in AQP5 expression is in agreement with previous studies, which showed that hypoxia induces downregulation of AQP5 in lung epithelial cells \[[@r53]\], and that experimental retinal ischemia results in decreased retinal AQP5 gene expression \[[@r31]\].

In the following experiments, we determined the regulation of the hyperosmotic induction of VEGF and AQP5 in RPE cells. We found that the hyperosmotic induction of VEGF in RPE cells depends on the activation of p38 MAPK, ERK1/2, JNK, and PI3K signal transduction pathways ([Figure 3A,B](#f3){ref-type="fig"}), and (at least in part) on HIF-1 activity ([Figure 8C,D](#f8){ref-type="fig"}). Because blockades of each of these pathways alone decreased to a great degree the hyperosmotic expression of VEGF ([Figure 3A](#f3){ref-type="fig"}), we assume that functional relations exist between the various intracellular signal transduction pathways. The results are in agreement with previous studies, which showed in various cell systems that the expression of VEGF is regulated by a positive signaling between HIF-1, ERK1/2, and PI3K-Akt \[[@r54],[@r55]\], and that hyperosmolarity may induce VEGF expression via the induction of HIF-1α \[[@r56]\]. The lack of significant effects of an NF-κB inhibitor on the hyperosmotic VEGF expression ([Figure 8C,D](#f8){ref-type="fig"}) is in agreement with a previous study that indicates that the human VEGF promoter does not contain a NF-κB DNA-binding consensus sequence \[[@r57]\]. Although STAT3 is a known activator of VEGF expression \[[@r46]\], we found that STAT3 activity is not involved in the hyperosmotic induction of VEGF in RPE cells ([Figure 8C,D](#f8){ref-type="fig"}). This fact is in agreement with the observation that hyperosmolarity did not increase the level of the nuclear STAT3 protein ([Figure 9E](#f9){ref-type="fig"}).

The hyperosmotic expression of AQP5 was dependent in part on the activation of p38 MAPK and ERK1/2 signaling pathways, and on the transcriptional activity of NF-κB, but was independent of the activation of JNK, PI3K, JAK/STAT, and HIF-1 ([Figure 7](#f7){ref-type="fig"} and [Figure 8E](#f8){ref-type="fig"}). Because blockers of p38 MAPK and ERK1/2 activation did not fully inhibit hyperosmotic AQP5 expression ([Figure 7](#f7){ref-type="fig"}), further signaling molecules are likely involved. The present finding that the hyperosmotic expression of AQP5 in RPE cells was reduced by a NF-κB inhibitor ([Figure 8E](#f8){ref-type="fig"}) is in contradiction with data obtained in various cell systems, which suggest that the activation of NF-κB induces the downregulation of AQP5 \[[@r58],[@r59]\]. The reason for the conflicting results is unclear. However, because the transcription of the AQP5 gene slowly increased under hyperosmotic conditions and peaked after 24 h ([Figure 5A,B](#f5){ref-type="fig"}), it is likely that the hyperosmotic AQP5 expression is indirectly induced by NF-κB activity, via NF-κB-mediated induction of other factors and signaling molecules.

In various cell systems, the transcriptional activity of NFAT5 is critical for cell survival under hyperosmotic conditions \[[@r37],[@r38]\]. Here, we show for the first time that NFAT5 is induced in RPE cells in response to hyperosmotic stress ([Figure 9A-E](#f9){ref-type="fig"}), but not to hypoxia ([Figure 9A,C](#f9){ref-type="fig"}), and that hyperosmolarity increases the DNA binding of the NFAT5 protein ([Figure 9F](#f9){ref-type="fig"}). The gene and protein expression of NFAT5 in RPE cells is tightly regulated by changes in the extracellular osmolarity; up- and downregulation occurred under hyper- and hypoosmotic conditions, respectively ([Figure 9A,C](#f9){ref-type="fig"}). By using pharmacological inhibition and siRNA knockdown of NFAT5, we found that the transcriptional activity of NFAT5 is implicated in the hyperosmotic expression of AQP5 ([Figure 10A,F](#f10){ref-type="fig"}) and production of VEGF ([Figure 10B,C,G,H](#f10){ref-type="fig"}). However, it remains to be determined whether the NFAT5-induced expression of AQP5 and VEGF is a direct or indirect effect via the NFAT5-induced transcriptional regulation of kinases and other enzymes. The data may suggest that NFAT5 represents a key transcription factor that transducts extracellular osmotic changes to the expression of proteins in RPE cells that have functional roles in angiogenesis and edema.

The osmotic conditions at the basal side of the RPE influence the tightness of the outer blood--retinal barrier; i.e., hyperosmolarity decreases and hypoosmolarity increases the tightness of the barrier \[[@r17], [@r21]\]. Upregulation ([Figure 1A-D](#f1){ref-type="fig"}) and downregulation of VEGF ([Figure 1F](#f1){ref-type="fig"}) under hyper- and hypoosmotic conditions may represent one mechanism by which osmotic changes regulate the tightness of the barrier.

The gene expression of AQP5 was highly increased under hyperosmotic conditions ([Figure 5A-C](#f5){ref-type="fig"}) and decreased under hypoosmotic conditions ([Figure 5D](#f5){ref-type="fig"}). The data may support the assumption that AQP5 is implicated in the resolution of osmotic gradients across the RPE and may facilitate water transport through the RPE, depending on osmotic conditions. In various tissues, AQP5 contributes to the cellular water transport, fluid secretion, and regulation of cellular volume \[[@r34], [@r60], [@r61]\]. The hyperosmotic upregulation of AQP5 was shown in the nasal airway epithelium and in lung epithelial cells \[[@r35], [@r55], [@r62]\]. Upregulation of AQP5 increases the water permeability of airway epithelia \[[@r35]\], and downregulation of AQP5 reduces lung water transport \[[@r36]\]. Whether alterations in AQP5 expression regulates the water permeability of the RPE remains to be determined. In situ, the hypoosmotic downregulation of AQP5 may decrease the water permeability of RPE cells and thus may inhibit osmotic water flux from the blood into the outer retina. The hyperosmotic upregulation of AQP5 may increase water transport across the RPE. This allows a more efficient resolution of retinal edema when increased extracellular osmolarity, e.g., after high intake of dietary salt \[[@r12]\], induces a breakdown of the blood--retinal barrier \[[@r17], [@r21]\]. However, the hyperosmotic upregulation of AQP5 might be counterregulated by hypoxia and serum ([Figure 5E](#f5){ref-type="fig"}); this will impair the retinal fluid clearance after the breakdown of the outer blood--retinal barrier, and will contribute to edema development under hypoxic conditions.

It was shown that triamcinolone acetonide decreases the hypoxic gene expression of VEGF \[[@r63]\]. Here, we show that triamcinolone inhibits the hyperosmotic expression of VEGF ([Figure 1A](#f1){ref-type="fig"}), but not of AQP5 ([Figure 5F](#f5){ref-type="fig"}), and abrogates the hyperosmotic secretion of VEGF ([Figure 1B](#f1){ref-type="fig"}). Both the inhibitory effect on the production of VEGF and the ineffectiveness on the expression of AQP5 may support the resolution of retinal edema in situ.

High salt intake results in increased extracellular osmolarity \[[@r12]\]. The present data suggest that one mechanism by which high extracellular NaCl and osmolarity may aggravate the development of neovascular retinal diseases such as AMD is a direct effect on RPE cells, via the induction of VEGF production. The finding that chemical hypoxia and extracellular hyperosmolarity induce the gene expression of VEGF in a non-additive fashion ([Figure 8A](#f8){ref-type="fig"}) may suggest that high salt intake may facilitate neovascularization and edema also under normoxic conditions. Because the effects of high extracellular NaCl may occur independently of hypertension, both blood pressure and salt intake should be monitored in patients with neovascular retinal diseases. Because high NaCl induces the transient upregulation of VEGF ([Figure 1A](#f1){ref-type="fig"}), repetitive salt-induced increases in extracellular osmolarity, e.g., during postprandial phases, will have greater effects than a persistent elevation of the extracellular NaCl level. This supports the assumption that reducing the ingestion of dietary salt may have greater protective effects than antihypertensive medications when high salt intake is continued. The finding that hyperosmolarity and the alteration in the transmembrane NaCl gradient induce the upregulation of VEGF in RPE cells independently of hypertension could, at least in part, explain the observation that, although systemic hypertension increases the risk of neovascular AMD \[[@r6], [@r7]\], antihypertensive medications do not affect the risk of disease \[[@r8]\].
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